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The full three-dimensional photoelectron momentum distributions of argon are measured in in-
tense near-circularly polarized laser fields. We observed that the transverse momentum distribution
of ejected electrons by 410-nm near-circularly polarized field is unexpectedly narrowed with increas-
ing laser intensity, which is contrary to the conventional rules predicted by adiabatic theory. By
analyzing the momentum-resolved angular momentum distribution measured experimentally and
the corresponding trajectories of ejected electrons semiclassically, the narrowing can be attributed
to a temporary trapping and thereby focusing of a photoelectron by the atomic potential in a quasi-
bound state. With the near-circularly polarized laser field, the strong Coulomb interaction with the
rescattering electrons is avoided, thus the Coulomb focusing in the retrapped process is highlighted.
We believe that these findings will facilitate understanding and steering electron dynamics in the
Coulomb coupled system.
In the last three decades, the interaction of atoms
and molecules with intense laser fields has attracted con-
siderable attention in forefront physics. The study on
it has opened a large variety of interesting phenomena
and applications. One of them is strong-field ionization.
Atoms or molecules can be ionized with releasing an elec-
tron wave packet driven by a strong laser field. The
ionized electron wave packets are responsible for many
nonlinear strong-field phenomena, such as high-order
harmonic generation (HHG) [1-4], above-threshold ion-
ization (ATI) [5], and non-sequential double-ionization
(NSDI) [6-9].
The early investigations related to strong-field ioniza-
tion are usually treated with the three-step model ne-
glecting the potential of the ion [10-13]. Despite their
success, it is difficult for it to explain some nonper-
turbative effects: double-peak structure in the momen-
tum distribution [14,15], frustrated tunneling ionization
(FTI) [16-22], and multiphoton assisted recombination
[23]. These effects are caused by the interaction between
the liberated electron and the ion. Besides, it is well ac-
cepted that the Coulomb effect on the liberated electron
is responsible for the low-energy structure (LES) [24-26].
The multiple forward scattering by the atomic core leads
to this characteristic spikelike structure in the energy dis-
tribution of electrons emitted along the polarization di-
rection. Another important consequence of the Coulomb
effect is Coulomb focusing [27-29], which has an impor-
tant impact on strong-field ionization, especially on the
significant enhancement of NSDI [30-32].
To date, most theoretical and experimental studies of
the Coulomb effect focus on the driving field of linear po-
larization. Recently, the elliptically polarized laser field
is used to provide a rotating electric field within one
laser cycle. It adds more dimensions to facilitate the
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study of the strong-field ionization. For instance, with
near-circularly polarized laser, the Coulomb potential is
found to directly cause the deflection of the outgoing elec-
trons, and leads to an offset angle of the photoelectron
distribution. The indispensable role of the Coulomb in-
terplay indicates the necessity of further calibration for
the accurate reconstruction of ionization times [33]. This
mechanism has been widely used to study attosecond-
resolved electron dynamics, such as the precise measure-
ments of tunneling time delay [33-36] and the position
of tunneling exit [37]. Meanwhile, circularly or near-
circularly polarized pulses has been also used to pro-
duce spin-polarized electrons at ultraviolet wavelengths.
With the circularly polarized light at 400 nm, the degree
of photoelectron spin polarization can reach as high as
∼ 90% [38], which provides a new direction of investigat-
ing polarized low-energy electron diffraction [39], prob-
ing the magnetic properties of condensed matters [40],
and the source of polarized electron accelerators. In this
relatively short wavelength range, however, the photo-
electron is produced with lower energy, and will be more
strongly affected by the Coulomb potential. In addition,
a stronger nonadiabatic effect will be induced. There
thus exists a lack of deep investigations on the photoelec-
trons from near-circularly or circularly polarized fields at
a short wavelength. And the electron dynamic associated
with Coulomb interaction in the ionization process is still
confusing.
In this paper, we measure the full three-dimensional
photoelectron momentum distributions (PMDs) of argon
ionized by near-circularly polarized fields. The PMDs in
the polarization plane by 410-nm near-circularly polar-
ized field exhibit an abnormal spreading of the first-order
ATI structure. And a remarkable energy-dependent an-
gular shift is shown in the low-energy region. In the direc-
tion perpendicular to the laser field, the momentum dis-
tribution from near-circularly polarized field at 410 nm is
unexpectedly narrowed while it is broadened at 800 nm
with increasing field strength. This phenomenon clearly
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2differs from the conventional rules predicted by tunneling
theory. We reproduce the measurements by simulating
the evolution of the emitted electron wave packet based
on the nonadiabatic classical trajectory Monte Carlo ap-
proach (CTMC). Through disentangling different pho-
toemission pathways, it is figured out that the photo-
electron at the low-energy region will be temporarily re-
trapped by atomic potential into a quasibound state. The
simulated results indicate the important role of Coulomb
potential during retrapped ionization, which leads to re-
trapping and thereby significant focusing of the photo-
electrons. These dynamics then result in the angle-shift
and the spreading of first-order ATI structure to low-
energy region in the polarization plane, and the narrow-
ing distributions in the transverse direction.
We use a velocity map imaging (VMI) spectrometer to
measure the three-dimensional momentum of photoelec-
trons [41]. The laser pulse (∼35 fs, 800 nm) used in our
experiments are generated from a Ti:sapphire femtosec-
ond laser system with a repetition rate of 1 kHz. The
combination of a λ/2 plate of 800 nm and a broadband
wire grid polarizer is used to control the laser intensity.
We use a λ/2 plate and a λ/4 of 800 nm to adjust the
ellipticity of the laser field. Then we use a 1-mm-thick β-
barium-borate crystal interacting with the near-infrared
laser pulse to generate the 410nm laser pulse. The central
wavelength is slightly detuned from 400 nm in order to
benefit the generation of resonant ionization [42]. Early
studies suggest that an excited atomic level can shift into
resonance with the ground state, even upwards almost
as much as the continuum level if the excited state is a
high-lying Rydberg state. In this case, the energy of the
first-order ATI peak will keep unchanged for varying laser
intensity in a certain range [43-45]. With the intensity-
independent peak positions, the first-order ATI peak can
serve as a reliable reference to analyze the photoelectron
with lower energy as the discussion below. The pulse du-
ration at 410 nm is ∼70 fs. Elliptically polarized light is
produced by a pair of λ/2 plate and λ/4 plates. Final
full three-dimensional photoelectron momentum distri-
butions are obtained by tomographic reconstruction [46].
To this end, the laser pulse is supposed to be rotated
about its propagation direction with a λ/2 plate and a
set of PMDs are recorded at different rotation angles.
The rotation of the λ/2 plate is precisely controlled with
a motorized rotator.
In Fig. 1, we show the reconstructed PMDs of argon
in the polarization plane ionized by near-circularly po-
larized fields at 410 nm and 800 nm for different laser
intensity. Here px and py are the momenta along the
major and minor axes of the laser ellipse, respectively.
As shown in Fig. 1(a) and (b), the ringlike ATI struc-
tures for 410 nm are easy to distinguish because of the
large photon energy (0.114 a.u.). As for 800 nm, the va-
lence electron needs to absorb more than eight photons.
Therefore many excited states will contribute to the ion-
ization and the ATI interference structures will be wash
out as shown in Fig. 1(c) and (d). With increasing laser
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FIG. 1. The measured 2D photoelectron momentum distri-
butions in the polarization plane of argon ionized by near-
circularly polarized fields at (a), (b) 410 nm and (c), (d) 800
nm. The large ellipticity is (a), (b) ε = 0.853 and (c), (d)
ε = 0.87. The laser intensity is (a)∼ 0.08 × 1015W/cm2,
(b)∼ 0.14 × 1015W/cm2, (c)∼ 0.19 × 1015W/cm2 and (d)∼
0.23× 1015W/cm2 .
intensity, the ATI structures for 800 nm are found to shift
towards higher energy. In the PMDs of 410 nm, however,
the first-order ATI structure does not exhibit this energy
shift due to the resonant ionization. Instead, this ringlike
structure exhibits a remarkable spreading towards lower
energy. Especially, referring to the unchanged first-order
ATI peak, this spreading in Fig. 1(b) is more noticeable
with higher laser intensity compared to that in Fig. 1(a),
and exhibits a clear energy-dependent angular shift.
Intuitively, the spreading and angle offset shown in Fig.
1(b), similarly to the deflection of the outgoing electron
observed in many theoretical and experimental studies
[33-36], can be associated with the Coulomb interaction.
However, the electron motion in the laser polarization
plane is determined by the coupled laser and Coulomb
field. In order to exclude the influence of the laser field
and emphasize the role of the Coulomb effect, we there-
fore reconstruct the transverse momentum distributions
(pz) which is free of laser field. The transverse momen-
tum distributions in near-circularly polarized field at 410
nm and 800 nm are plotted in Fig. 2(a) and (b), respec-
tively. These distributions are given by the integration of
the reconstructed three-dimensional electron wave packet
over the px and py. At first glance, the transverse mo-
mentum distributions by near-circularly polarized field at
410 nm is narrower than that at 800 nm. The transverse
momentum distributions for 800 nm are Gaussian shape.
As for 410 nm, the shape of the distributions exhibits
a sharper peak. This phenomenon agrees well with the
wavelength dependence of the transverse momentum dis-
tribution observed in previous works [27,28]. However, a
30.2
0.4
0.6
0.8
1
N
o
rm
al
iz
ed
 C
o
u
n
ts
0.08 PW/cm
0.14 PW/cm
2
2
-0.6 -0.2 0 0.2 0.4
 Transverse  momentum (a.u.)
-0.4 0.6
(b)(a)
-0.6 -0.2 0 0.2 0.4
 Transverse  momentum (a.u.)
0.2
0.4
0.6
0.8
1
N
o
rm
al
iz
ed
 C
o
u
n
ts
0.19 PW/cm2
0.23 PW/cm2
-0.4 0.6
FIG. 2. The measured transverse momentum distributions
with the same laser intensity as in Fig.1 at (a) 410nm and
(b) 800nm. The fitting curves are normalized to show the
envelopes more clearly.
closer examination reveals that, in contrast to the broad-
ening of the distributions for 800 nm, the distributions
for the 410-nm laser field are narrowed with the increase
of the laser field. This narrowing violates the conven-
tional rules that the transverse momentum distribution
will broaden with increasing laser intensity (indicated by
the ionization rate P ∝ exp[−2 (2Ip)2/3/(3F )], here Ip is
the ionization potential, F is the electric field strength)
[47].
In order to investigate the connection between this
abnormal narrowing and Coulomb field, we employ the
nonadiabatic CTMC method to simulate the electronic
dynamics [48-51]. To describe the ionization process
including the nonadiabatic effect, the initial momen-
tum distribution is given by Perelomov-Popov-Terentev
(PPT) theories [48]. In this case, a momentum shift ∆p
will be introduced into the initial momentum in the po-
larization plane [49,50]. This nonzero momentum shift
can be expressed as
∆p =
E(t)
ω
(
sinh τ0
τ0
− 1
)
(1)
where  is the ellipticity, E(t0) is the electric field ampli-
tude at the instant t = t0, ω is the central frequency, and
τ0 is obtained by
sinh2 τ0
[
1− 2
(
coth τ0 − 1
τ0
)2]
= γ2 (2)
γ is the Keldysh parameter (γ =
√
Ip/2Up, Up is the
ponderomotive energy). The tunneling exit r0 after con-
sidering the nonadiabatic effect is calculated with [49]
r0 =
E(t)
ω2
(cosh τ0 − 1) (3)
Then, the evolution of the electrons in the superposi-
tion field formed by the laser field and Coulomb field
is governed by the classical Newtonian equation, i.e.
d2~r(t)/dt2 = −∇ · V (r) − ~E(t). Finally, the electrons
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FIG. 3. The simulated transverse momentum distributions
in elliptically polarized light with (up) and without (down)
inclusion of Coulomb interaction at 410 nm (left) and 800
nm (right). The solid lines present the calculations for lower
intensity while the dashed lines for the higher.
having energies larger than 0 is regarded as the ioniza-
tion events. The photoelectron momentum distribution
can be produced by summing the electrons with the same
momentum.
Figure 3(a) and (c) show the calculated transverse mo-
mentum distributions in a 410-nm wavelength field for
different intensities with and without Coulomb potential,
respectively. The ellipticity is the same as experiments
(ε = 0.853). A sin2 envelope is used with a duration
of ten cycles. One can see the transverse momentum
distribution with Coulomb interaction is much narrower
than the distributions obtained without Coulomb inter-
action. The simulated distributions also exhibit a cusp-
like shape, which is obviously out of Gaussian shape. In
addition, with the increasing laser intensity, the distri-
butions exhibit a stronger narrowing effect. When the
Coulomb potential is neglected, however, the distribu-
tions are broadened as shown in Fig. 3(c). For compari-
son, we perform the simulations of the transverse momen-
tum with and without Coulomb potential in an 800-nm
wavelength field in the same parameter as the Fig. 2(b).
As shown in Fig. 3(b) and (d), the Coulomb potential
makes little difference to the transverse momentum Gaus-
sian distributions. And the distributions are broadened
as the increasing intensity, either with or without the
Coulomb potential. The simulations in near-circularly
polarized field at 410 nm and 800 nm both agree well
with the experimental results in Fig.2. The theoretical
simulations confirm that the Coulomb interaction is re-
sponsible for the narrowing of transverse momentum dis-
tributions presented in experiments, which is so-called
Coulomb focusing.
The above results demonstrate the important role of
Coulomb potential in the evolution of ejected electrons.
However, the detailed electron dynamics under the cou-
4pled laser and Coulomb field remain to be solved. To this
end, we now turn back to the momentum distribution in
the polarization plane. The data in Fig. 1(b) is trans-
formed into the angle-resolved photoelectron energy dis-
tributions to facilitate the analysis of the PMDs as shown
in Fig. 4(a). It is clear to distinguish the spreading of
the first-order ATI structure towards the lower energy.
In addition, these lobes exhibit significant angular shift
singularized by the white dashed curves. The lobes bend
more seriously at the lower energy region, which indi-
cates the electron with smaller final momentum has been
subjected to stronger Coulomb effects. Moreover, Fig-
ure 4(b) demonstrates the transverse momentum distri-
butions for different energy regions. Coincidentally, the
curves responding to the lower energy region exhibit a
narrower shape. The focusing in transverse momentum
shows a good consistency with the spreading and angular
shift in the polarization plane. To understand the physics
underlying this phenomenon, we next analyze the motion
of electrons with different energy.
Benefiting from the nonadiabatic CTMC model, we
can trace the electron trajectory after ionizing. The time-
dependent trajectories with different initial positions and
momenta are simulated according to the classical New-
tonian equation. The one with the maximum ionization
rate is selected to stand for other trajectories with the
same initial transverse momentum. To gain insight into
the phenomenons in the low-energy region, we simulate
the spatial trajectories corresponding to specific final ki-
netic energy in the polarization plane. Figure 4(c) shows
the trajectory with the specific kinetic energy 1.14 eV.
At first glance, this trajectory looks like a normal tra-
jectory observed in the direct ionization, considering the
rescattering is highly suppressed in a near-circularly po-
larized field. For a closer examination, the corresponding
temporal evolution of the total energy of photoelectron,
which is given by  = 12p
2 − V (r) (V (r) = (Zeff/|r|)
is the Coulomb potential and Zeff is the effective nuclear
charge), is plotted in Fig. 4(f). One can see that the elec-
tron is transiently trapped into a negative energy state.
Before acquiring enough energy to be set free, the elec-
tron only can move around the nucleus as the trajectory
in Fig. 4(d). Finally, the electron is set free with positive
energy. It is worth mentioning that this process is differ-
ent from FTI, in which the electron is also found to be
trapped into negative energy [16-22], which will maintain
in the Rydberg state rather than free into positive energy
eventually. However, the quasibound state only serves as
an intermediate state in our simulations.
The above observation indicates that the motion of the
electron is bound up with its energy variation. Figure
4(d) and (g) illustrate a typical trajectory at the lower-
energy region (∼0.61 eV) and the corresponding tempo-
ral evolution of its energy. In this case, the residence
time of the electron in the Rydberg state is much longer
compared to that in Fig. 4(c) and (f). The electron
thus experiences a stronger Coulomb effect and finally is
closer to the core before the end of the laser pulse. Con-
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FIG. 4. (a) The measured angle-resolved photoelectron en-
ergy distributions based on Fig. 1(b). The white dashed
curves indicate the variation trend of the PMD as the elec-
tronic energy. (b) The measured transverse momentum distri-
bution of the electron wave packet after ionizing for different
energy regions. (c)-(e) The typical trajectories of electrons
with the final kinetic energy ∼1.14 eV, ∼0.61 eV and ∼1.41
eV, respectively. (f)-(h) The corresponding temporal evolu-
tion of the total energy of the photoelectron shown in (c)-(e),
respectively. The red dash line is plotted to distinguish the
zero energy.
versely, the electron at the higher-energy region (∼1.41
eV, which is corresponding to the first-order ATI ring)
only stays in the quasibound state for a shorter time
(even not trapped into negative energy for the higher-
energy region). Before it is finally emitted, the electron
escapes away directly rather than circling the nucleus as
shown in Fig. 4(e).
These typical trajectories demonstrate that the elec-
tron with lower energy is more likely to be retrapped into
quasibound state. Before acquiring enough energy to be
set free, the electron only can move around the nucleus
as the trajectory in Fig. 5(d). Therefore the longer resi-
dence time in quasibound state means that the electron
will be more strongly affected by the Coulomb potential
within the laser cycles. The energy-dependent angular
shift can also be attributed to this reason. And it is
consistent with the characteristic of measured transverse
momentum distribution as shown in Fig. 4(b). More-
over, in analogy to the narrowing in Fig. 2(b) and Fig.
3(a), the comparison between the PMDs in Fig. 1(a)
and (b) demonstrates the enhancement of this effect pro-
duced by higher laser intensity. This enhancement can
be explained by a raising of the ionization threshold pro-
duced by the ponderomotive energy (Up ∝ Iλ2, here I
is the laser intensity and λ is the wavelength) shift [52].
5This shift will reduce the initial kinetic energy of the
emitted electron by decreasing its initial momentum in
the polarization plane (i.e. py and px), which will signif-
icantly contribute to the retrapped ionization and then
strengthen the effect of Coulomb focusing. However, this
effect makes no difference to the PMDs in the 800-nm
near-circularly polarized field referring to Fig. 1(c) and
(d). Instead, Figure 3(b), (c) and (d) exhibit a slight
broadening due to the increase of ionization rate.
In conclusion, we have measured the three-dimensional
PMDs of argon ionized by strong near-circularly polar-
ized fields and reproduced the measurements based on
nonadiabatic the CTMC. By disentangling photoemis-
sion pathways corresponding to different electron energy,
we figure out that the emitted electron can be tem-
porarily retrapped by atomic potential into a quasibound
state. Before acquiring enough energy to be set free, the
electron will be forced to circle the core and thus experi-
ence a stronger Coulomb effect. This physical mechanism
leads to the significant focusing of first-order ATI struc-
ture towards the low-energy region in the polarization
plane, and the narrowing transverse distributions with
increasing laser intensity. Our findings provide a deep
insight into electron dynamics in the Coulomb coupled
system.
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